We investigate the sensitivity of the heavy ion mode of the LHC to Higgs boson and Radion production via photon-photon fusion through the analysis of the processes γγ → γγ, γγ → bb, and γγ → gg in peripheral heavy ion collisions. We suggest cuts to improve the Higgs and Radion signal over standard model background ratio and determine the capability of LHC to detect these particles production.
I. INTRODUCTION
The standard model (SM) has been very successful in accounting for almost all experimental data. The Higgs boson is the only particle in the SM that has not yet been confirmed experimentally. It is responsible for the mass generation of fermions and gauge bosons. The search for the Higgs boson is the main priority in high energy experiments and hints of its existence may have been already seen at LEP [1] at around m H ∼ 115 GeV. Nevertheless, the SM can only be a low energy limit of a more fundamental theory because it cannot explain a number of theoretical issues, one of which is the gauge hierarchy problem between the only two known scales in particle physics -the weak and Planck scales. Recent advances in string theories have revolutionized our perspectives and understanding of the problems, namely, the Planck, grand unification, and string scales can be brought down to a TeV range with the help of extra dimensions, compactified or not. Arkani-Hamed et al. [2] proposed that using compactified dimensions of large size (as large as mm) can bring the Planck scale down to TeV range. Randall and Sundrum [3] proposed a 5-dimensional space-time model with a nonfactorizable metric to solve the hierarchy problem. The Randall-Sundrum model (RSM) has a four-dimensional massless scalar, the modulus or Radion. The most important ingredients of the above model are the required size of the Radion field such that it generates the desired weak scale from the scale M (≈ Planck scale) and the stabilization of the Radion field at this value. A stabilization mechanism was proposed by Goldberger and Wise [4] .
As a consequence of this stabilization, the mass of the Radion is of order of O(TeV) and the strength of coupling to the SM fields is of order of O(1/TeV). Therefore, the detection of this Radion will be the first signature of the RSM and the stabilization mechanism by Goldberger and Wise. Higgs and Radion can be produced in various types of accelerators. Several papers have been published in order to study the possibility of detection of the Higgs particle in e + e − , µ + µ − , pp, pp and γγ colliders [5] . Recently, the phenomenology of the Radion particle has been also studied for e + e − , pp and γγ colliders [6] . In this paper we explore the possibility of an intermediate-mass Higgs boson or Radion scalar be produced in peripheral heavy ion collisions through photon-photon interactions [7, 8] . The reason to choose photon-photon fusion in peripheral heavy ion collisions resides in the fact that the production mode is free of any problem caused by strong interactions of the initial state, which make these processes cleaner than pomeron-pomeron or pomeron-photon fusions. In the context of the SM, the Higgs boson has been explored in detail in the literature [9, 10] , with the general conclusion that the chances of finding the SM Higgs in the photon-photon case are marginal. On the other hand, a study of Radion production in peripheral heavy ion collisions has not yet been made.
The Higgs couplings considered in this paper are given by the usual SM lagrangian while the Radion effects can be described by effective operators involving the spectrum of the SM and the Radion scalar field. The Radion couplings to the SM particles are similar to the Higgs couplings to the same particles, except from a factor involving the Higgs and the Radion vacuum expectation values (vev's), as can be seen in Section II. In Section III we present the strategy to evaluate photon-photon fusion processes in peripheral heavy ion collisions and in Section IV we explore the capabilities of peripheral heavy ion collisions in detecting Higgs and Radion productions by analyzing the processes γγ → γγ, bb, and gg. After simulating the signal and background, we find optimal cuts to maximize their ratio. We show how to use the invariant mass spectra of the final state γγ, bb, and gg pairs in order to improve the SM Higgs boson and RMS Radion signals. Finally, in Section V we draw our final conclusions.
II. EFFECTIVE LAGRANGIAN FOR THE RADION COUPLINGS
In order to describe the interactions of the RSM Radion with the SM particles, we follow the notation of Ref. [6] . These interactions are model-independent and are governed by 4-dimensional general covariance, and thus given by the following Lagrangian
where Λ R = R is of order TeV, and T µ µ is the trace of SM energy-momentum tensor, which is given by
where ... denotes higher order terms. 
For the coupling of the Radion to a pair of gluons, β QCD /2g s = −(α s /8π)b QCD , where b QCD = 11 − 2n f /3 with n f = 6. Thus, the effective coupling of Rg(p 1,µ,a )g(p 2,ν,b ), including the 1-loop diagrams of top-quark and the trace anomaly contributions is given by
where
The effective coupling of Rγ(p 1,µ )γ(p 2,ν ), including the 1-loop diagrams of the top-quark and W boson, and the trace anomaly contributions is given by
where y i = 4m 
Equations (1 -5) give all necessary couplings to perform calculations on decays and production of the Radion. In order to perform calculations on the decays and production of the Higgs, we consider its SM couplings, widely discussed in the literature.
III. SIMULATIONS
In order to perform the Monte Carlo analysis, we have employed the package MadGraph [11] coupled to HELAS [12] . Special subroutines were constructed for the anomalous contribution which enable us to take into account all interference effects between the QED and the anomalous amplitudes. The phase space integration was performed by VEGAS [13] .
The photon distribution in the nucleus can be described using the equivalent-photon or Weizsäcker-Williams approximation in the impact parameter space. Denoting the photon distribution function in a nucleus by F (x), which represents the number of photons carrying a fraction between x and x + dx of the total momentum of a nucleus of charge Ze, we can define the two-photon luminosity through
where τ =ŝ/s,ŝ is the square of the center of mass (c.m.s.) system energy of the two photons and s of the ion-ion system. The total cross section AA → AAγγ → AAX, where X are the particles produced by the γγ process, is
whereσ(ŝ) is the cross-section of the subprocess γγ → X. We choose to use the conservative and more realistic photon distribution of Cahn and Jackson [10] , including a prescription proposed by Baur [8] for realistic peripheral collisions, where we must enforce that the minimum impact parameter (b min ) should be larger than R 1 +R 2 , where R i is the nuclear radius of the ion i. A useful fit for the two-photon luminosity is:
where z = 2MR √ τ , M is the nucleus mass, R its radius and ξ(z) is given by
which is a fit resulting from the numerical integration of the photon distribution, accurate to 2% or better for 0.05 < z < 5.0, and where A 1 = 1.909, A 2 = 12.35, A 3 = 46.28, b 1 = 2.566, b 2 = 4.948, and b 3 = 15.21. For z < 0.05 we use the expression (see Ref. [10] )
In this paper we consider electromagnetic processes of peripheral Ar-Ar and Pb-Pb collisions in order to produce a Higgs and/or Radion scalar via photon-photon fusion since the pomeron contributions are negligible for subprocesses with center of mass energy close to the Higgs mass. According to Ref. [14] , the total center of mass energy for Figure 1 , which was extracted from Ref. [14] . We will also consider the optimistic possibility of Ca-Ca collisions [15, 16] , where the total center of mass energy for 40 20 Ca is equal to 7 TeV/nucleon and an average luminosity of 5 × 10 30 cm −2 s −1 , which implies an effective photon-photon luminosity for m γγ = 115 GeV equals to 1.92 × 10 29 cm −2 s −1 (6 pbarn −1 year −1 ).
IV. RESULTS
In our analyses, we computed the cross sections for the Higgs and Radion production via photon-photon fusion in peripheral heavy ion collisions at LHC, with the subsequent decay of the Higgs and/or Radion into γγ, bb and gg pairs. The main sources of background for these processes are the box diagram for the process γγ → γγ, the usual electromagnetic tree level diagrams for the process γγ → bb, and the box diagram γγ → gg and the usual tree level diagrams γγ → qq, where q = u, d, s, c, for the process γγ → gg.
We begin our analyses using similar cuts and efficiencies as the ones ATLAS Collaboration [17] applied in their studies of Higgs boson searches. Our initial results are obtained imposing the following acceptance set of cuts:
and taking into account an efficiency for reconstruction and identification of one photon of 84%, an efficiency of reconstruction for H → bb of 90% with a b-tagging of 60% per each quark b [17] , and finally an efficiency of reconstruction for H →or gg of 80%. Taking all these efficiencies into account, the cross sections are evaluated with a total efficiency factor of 70 (32)[80]% for the decay H or R → γγ(bb) [gg] . The results are presented in Table I for a Higgs and Radion masses of 115 GeV, with Λ R = 4v ≈ 1 TeV, in peripheral Ar-Ar and Pb-Pb collisions at LHC. Results for Ca-Ca collisions at LHC can also be obtained, according to Equation (8), by simply multiplying the results for Ar-Ar collisions by the factor (
) 4 ≈ 1.524. In order to improve the Higgs and Radion signal over SM background, i.e., all other Feynman diagrams that contribute to the process considered, we have studied several kinematical distributions of the final state particles. Since the Higgs and Radion interactions occur mainly when these particles are produced on-shell, the most promising one is the invariant mass of the final particles.
The behavior of the normalized invariant mass distribution of the final state particles is plotted in Figure 2 for the process γγ → bb with a Higgs mass and a Radion mass equal to 115 GeV and λ R = 4v ≈ 1 TeV. For instance, if we impose an additional cut of |m bb − m H | < 15 GeV in the process γγ → bb, the value for the SM background cross section in peripheral Ar-Ar collisions is reduced from 6.927 pb to 0.8486 pb, while the value for the Higgs (Radion) cross section (γγ → H(R) → bb) is almost unaffected, varying from 0.1038(1.923×10
−2 ) pb to 0.1038(1.919×10 −2 ) pb when the invariant mass cut is imposed. Similar behavior is observed in the processes γγ → γγ and γγ → gg, as can be seen in Table  II . Therefore we collected final states γγ, bb and gg events whose invariant masses fall in bins of size of 30 GeV around the Higgs (Radion) mass
in order to evaluate our results. Considering the effective photon-photon luminosities given by Figure 1 and Refs. [14, 15] , we note that the Ar-Ar(Ca-Ca) luminosity is ≈250(2500) times greater than the Pb-Pb luminosity. On the other hand, Table II shows that the Pb-Pb cross sections are ≈30(20) times greater than the Ar-Ar(Ca-Ca) cross sections. Taking into account both luminosity and cross section behavior for each mode of the heavy ion LHC accelerator, one can realize that the total number of events in Ar-Ar(Ca-Ca) collisions is ≈8(125) times greater than in Pb-Pb collisions, which shows that Pb-Pb collisions is less indicated than Ar-Ar(Ca-Ca) collisions for photon-photon fusion processes with a typical center of mass energy of O(100) GeV. Therefore, the Pb-Pb mode will not be considered form this point on in our analysis.
Another information that can be extracted from Figure 1 is the dependence between the effective photon-photon luminosity and the invariant mass of the initial γγ pair, which indicates that a discovery of a SM Higgs or a RSM Radion production via photon-photon fusion is favored for low values for the invariant mass of the initial γγ pair. Similar conclusion can be obtained from Figure 3 , where the behavior of the cross sections of the processes γγ → γγ, γγ → bb, and γγ → gg, for events whose invariant masses fall in bins of size of 30 GeV around the mass M used to impose the cut in Equation (12), is presented for λ R = 4v ≈ 1 TeV. Higher values for the cross sections are obtained for masses M lower than 200 GeV. Therefore, from this point on, we will only consider in our analysis a SM Higgs and a RSM Radion mass of 115 GeV, as indicated by the latest hints from the LEP Higgs search [1] experiment.
Another point considered in our analyses is the dependence between the cross sections for the Radion contribution of the three processes and the ratio of the vev's of the Radion (Λ R ) and the Higgs (v) fields. Figure 4 shows the behavior of the cross sections in the range 0.5 ≤ Figures 4 (a) and (b) show that the SM Higgs contribution is greater than the RSM Radion contribution in the processes γγ → γγ and γγ → bb, while Figure 4 (c) shows that the RSM Radion contribution is greater than the SM Higgs contribution in the process γγ → gg. Therefore, the process γγ → gg is the most sensitive for a Radion search while the other two processes are most sensitive for a Higgs search.
In order to identify a 95% C.L. signal of a SM Higgs or a RSM Radion production at the heavy ion mode of the LHC, let us consider the significance (S) of a signal given by the equation
where N is the number of events, L is the integrated luminosity of the accelerator, σ is cross section of the process considered. The subscript Background stands for the SM background contribution without any Higgs and/or Radion diagrams, and the subscript T otal stands for the total contribution, including Higgs and/or Radion diagrams. A 95% C.L. signal is obtained when S = 1.96 for Gaussian distributions. The results presented in Table II for the   40 18 Ar mode show that the SM background cross sections are at least one order of magnitude higher than the Higgs or Radion signals. Note that if one has one event identified as a Higgs or Radion exchange, than there will be at least ten SM background events, fact that justifies a Gaussian distribution approach. Therefore, it is possible to evaluate the integrated luminosity needed for a 95% C.L. Higgs signal by taking in Equation (13) S = 1.96 and the cross sections presented in Table II , with σ T otal given by the sum (σ Background + σ Higgs ) since the interference effects are negligible, as checked in our MadGraph/Helas code. The results are presented in Table III , where the number of years needed to establish a 95% C.L. Higgs signal is also shown when we consider the accelerator luminosity given by L = 0.63 pb −1 year −1 , as discussed above in the text. Table III also shows the results for the Ca-Ca mode of the accelerator, with luminosity given by L = 6 pb −1 year −1 . Analogously, a 95% C.L. Higgs plus Radion signal can be considered by simply taking σ T otal = (σ Background + σ Higgs + σ Radion ), and the results for this case is presented in Table IV .
The results in Table III indicate that the process γγ → bb is the best choice to search the Higgs boson because the integrated luminosity needed for a 95% C.L. signal (≈ 250 pb −1 ) is three orders of magnitude smaller than the luminosity needed for the process γγ → γγ and five orders of magnitude smaller than the luminosity needed for the process γγ → gg. However, this integrated luminosity is still very high compared to the luminosity expected for both Ar-Ar and Ca-Ca mode, tens of years being needed for a 95% C.L. signal detection. The results in Table IV include the RMS Radion in the analysis. There are small changes for the γγ → bb and γγ → γγ processes. The main difference appears in the γγ → gg process, where the integrated luminosity needed for a 95% C.L. signal is three orders of magnitude smaller than the one of Table III. The reason for this change is that the Radion contribution is greater than the Higgs contribution only in the process γγ → gg, as can be seen in Figs. 3(c) and 4(c) .
In order to improve the results, one could collected final states γγ, bb and gg events whose invariant masses fall in bins of size of 10 GeV around the Higgs (Radion) mass
In this situation, the SM background is even more reduced while the Higgs and Radion signals are unchanged, as can be seen in Table V . The total integrated luminosity needed for a 95% C.L. Higgs (Higgs plus Radion) signal are now presented in Table VI (VII). The number of years needed for a 95% C. L. Higgs signal in the process γγ → bb at the Ca-Ca mode of the accelerator is reduced to ≈ 15 years. When the Radion is included in the analysis, the number of years is reduced to ≈ 12.5 years. If the experiment luminosity could be enhanced by a factor of ten, then a 95% C. L. SM Higgs signal could be obtained in 18 months. Still in this case, if a 95% C. L. signal were obtained in 15 months, it would be an indication of the existence of the RMS Radion. If the experiment luminosity could be enhanced by a factor of twenty, then a 95% C. L. RMS Radion signal in the process γγ → gg could be obtained in 31 months.
V. CONCLUSIONS
In this work we have studied the sensitivity of the heavy ion mode of the LHC to detect the production of Higgs and Radion scalars via photon-photon fusion through the analysis of the processes γγ → γγ, bb and gg in peripheral heavy ion collisions.
The chances of finding the SM Higgs boson (or the RMS Radion) are marginal for high values of the Higgs (Radion) mass. For lower masses the situation is still critical, but there is some hope left. We have considered M H = M R = 115 GeV in our analysis according to the recent LEP hints on the Higgs mass.
The best place to search the Higgs boson is in the Ca-Ca ion mode of the LHC accelerator through the analysis of the process γγ → bb. In this case, considering the luminosities presented in the literature, a 95% C. L. signal can be established in 15 years of run. If the Radion scalar of the RSM is taken into account, a 95% C. L. signal would be established in 12.5 years. If the experiments could enhance their expectation for the luminosity by a factor of 10, then a 95% C. L. SM Higgs signal could be established in less than two years of run.
On the other hand, the best place to search the Radion of the RSM is in the Ca-Ca ion mode of the LHC accelerator through the analysis of the process γγ → gg. In this case, the experiments would have to improve their luminosity prediction by a factor of twenty in order to establish a 95% C. L. Radion signal in less than three years of run.
In conclusion, SM Higgs and RMS Radion observation in the heavy ion mode of the LHC accelerator is improbable, unless the expected luminosity of the experiment could be enhanced by a factor of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (11) and (12) . It is also presented the number of years needed for a 95% C.L. Higgs signal considering a luminosity of 0.63 (6) (11) and (12) . It is also presented the number of years needed for a 95% C.L. Higgs plus Radion signal considering a luminosity of 0.63 (6) (11) and (14) . (11) and (14) . It is also presented the number of years needed for a 95% C.L. Higgs signal considering a luminosity of 0.63(6)pb −1 year −1 for the Ar-Ar (Ca-Ca) mode as discussed in the text. (11) and (14) . It is also presented the number of years needed for a 95% C.L. Higgs plus Radion signal considering a luminosity of 0.63(6)pb −1 year −1 for the Ar-Ar (Ca-Ca) mode as discussed in the text. 
